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Abstract 
Abrasive Water Jet Machining (AWJM) process has potential to cut a wide range of materials. Researchers did a number of 
experiments on cutting of different grades of steel, copper, aluminium, 87% alumina ceramics, Ti6Al4V, different types of stone 
etc by AWJM. Though, applicability of AWJM on crystalline materials is established, yet no such work is found on amorphous 
materials. Borosilicate glass is one of the most regularly used amorphous engineering materials. Brittleness of this glass puts 
limitation on its machining by conventional machining processes. In this article, experiments are conducted on cutting of 
borosilicate glass by AWJM. Depth of cut is measured with different machine parameter settings – water pressure, abrasive flow 
rate, traverse speed and standoff distance. Model, thus developed, on depth of cut gives an idea of the influence of different 
parameters on cutting of amorphous borosilicate glass by AWJM. Optimum condition of control parameter setting is also 
searched through particle swarm optimization (PSO). In addition, scanning electron microscopic image reveals to some extent, 
the nature of cut surface and erosion behaviour of amorphous material qualitatively. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
One of the latest nontraditional advanced hybrid machining processes, Abrasive Water Jet Machining (AWJM) 
has a potential to machine a wide range of materials irrespective of its machinability in conventional machining. 
Variation of cutting characteristics with different workpiece and abrasive combinations in AWJM is inherent in 
nature. This process combines the principles of water Jet machining (WJM) and abrasive jet machining (AJM) 
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(Benedict 1987). In AWJM material is eroded under plastic deformation, gradual wear and fracture mechanism by 
high velocity abrasive-laden water jet (Momber and Kovacevic 1998). No thermal distortion, high flexibility, high 
machining versatility, small machining force, absence of heat affected zone make this ‘cold’ machining process, 
AWJM, more advantageous to the manufacturer for machining (cutting, turning, drilling, milling) difficult to cut 
non-conductive materials in particular. AWJM performs efficiently for conventional hard & soft materials. Very 
hard rock-like materials, frozen meat, sheet materials are easily cut by AWJM process. AWJM can be used for 
cutting, pre-weakening, drilling of rocks, for trenching heavily reinforced materials e.g. steel reinforced concrete. 
However, contamination of surface generated during the machining process by fractured abrasives, needs further 
processing in some situations. In case of fiber reinforced materials, particles tapped between individual fibers may 
cause delamination. Fatigue resistance of the material is negatively influenced due to these surface defects. 
Therefore, understanding of the erosion process of different types of materials is relevant to make AWJM more user-
friendly.  
Abrasive water jet machining process generally comprises of water pumping system, abrasive feed system, 
abrasive water jet nozzle and catcher (Jain 2002). Pumping system delivers high velocity water by increasing 
pressure of a specific mass flow rate of water. It requires a high power motor connected to the intensifier with high 
intensification ratio. Apart from abrasive carrier, water also acts as a cooling agent, and is used to flush away the 
eroded particle and to prevent the abrasive from wide spreading after exit from nozzle (in some cases polymers are 
also added). Abrasives are fed to high velocity water by a precisely controlled orifice. As, dry abrasives are difficult 
to feed a long distance, present researchers use abrasive-water mixed slurry to feed a long distance with higher 
power. Momentum transfer from water jet to abrasive and mixing operation takes place in nozzle.  
Generally nozzles are made from high wear resistant materials like sapphire. There are two types of mixing 
operations – abrasives are fed through a conical zone to the water passing through the centre, but it does not take 
high mixing ratio, another one is where water is supplied to centrally flown abrasives. The whole cutting head is 
precisely controlled by CNC operations. After cutting the workpiece high velocity water jet emerges to a water filled 
catcher, an open chamber, kept just below the workpiece. Workpiece is placed on a grid above this catcher (water 
tank), which serves the purpose of disbursing and capturing the energy of the high pressure jet after cutting the 
workpiece. 
Researchers studied the AWJM process on different materials and concluded different remarks on abrasive-
workpiece interaction. They generally considered different grades of steel, different composites, ductile materials 
copper, aluminum and their alloys, carbides, alumina ceramic, concretes, stones etc. 
Paul et al. (1998) investigated the effect of water pressure, abrasive mass flow rate, traverse speed and standoff 
distance on roughness and variation of depth in pocket milling of low carbon C-37 steel. Within their experimental 
range, variation of depth in cutting of steel was found to be highly influenced by traverse speed at higher water 
pressure and abrasive mass flow rate. As increasing water pressure, abrasive mass flow rate and decreasing traverse 
speed increase cutting ability of the jet, hence in most of the cases, erosion takes place by plastic deformation. Wang 
and Wong (1999) carried out the experiments on Zincalume G300 (hot-dipped aluminum/zinc alloy coated structural 
steel with a spangled surface). They found that cutting wear and deformation were the two modes of erosion 
mechanism at different zone of cutting in this type of material. Cutting wear was found to be more responsible at 
initial high energy jet bombardment and plastic deformation gradually increases as the scratching and ploughing of 
the slower jet increases at lower region. Selvan and Raju (2011) claimed the same nature of cutting characteristics of 
AWJ on stainless steel. As the exposure time of the slurry jet to the workpiece material increases, depth of cut also 
increases but standoff distance was found as less significant control parameter within their experimental range. 
For WC/Co nozzles, high water pressure increase the wear rate but excess pressure may cause fragmentation of 
abrasive particles reducing effective wear of the material (Nanduri et al. 2002). Abrasive mass flow rate and wear 
rate have positive correlation but, the concentration effect overweighs the wear rate by reducing effective slurry 
velocity at high abrasive mass concentration. Wang (2007) proposed depth of cut model for normal and oscillation 
cutting of 87% alumina ceramics. As the oscillation frequency increases, dept of cut increases but oscillation angle 
showed reverse effect.  
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Momber and Kovacevic (1997) performed experiments on concrete structures with different water-cement ratio. 
They found that the water pressure and abrasive mass flow rate had positive correlation with depth of cut but 
traverse speed and exposure time of jet had negative influence. Hlaváč (2009) and Hlaváč et al. (2009) studied the 
nature of jet deflection in different materials like granite, marble, limestone, steel, plastic, textile etc. They verified 
an established threshold traverse speed model and maximum depth of cut achieved at a certain traverse speed setting. 
Momber and Kovacevik (2003) discussed the erosion behavior of bauxite, sintered magnesia and magnesia chromite 
during cutting by AWJ. They claimed a steady change of trans-granular fracture at the top region to inter-granular 
removal at bottom region due to continuous energy loss of slurry jet. 
Number of researchers had done the experiments on different composites. Delamination, depth of cut (smooth 
and rough zone), burr formation, roughness are measured as the most common responses. They claimed that after a 
certain depth in kerf, deflection of the jet inside the groove increases, and at sufficient high pressure jet penetrates 
the layers through wedge action and delamination occurs (Wang 1999). So, depth of cut may not be increased 
significantly even at high pressure and abrasive flow rate. Kelvar-phenolic (Selvan and Raju 2011-2012) composite 
also shows the same nature. Azmir and Ahsan (2008), Azmir et al. (2009) investigated the surface roughness of the 
cut wall of aramid fiber reinforced plastic composite and glass/epoxy composite material. Shanmugam et al. (2008) 
proposed model for crack length in graphite/epoxy composites using dimensional analysis. 
Compared to mild steel, depth of cut in ductile aluminum was found to be less sensitive to the variation of 
traverse speed (Lemma et al. 2005). Variation in depth of cut on mild steel becomes significant at higher frequency 
nozzle oscillation. Kulekci (2002) found that depth of cut achieved in aluminum alloy was more than stainless steel 
within the same working range (water pressure and abrasive mass flow rate). It was also found that depth of cut first 
increases with grain diameter and then decreases after certain value for stainless steel and aluminum alloy. Takaffoli 
and Papini (2009) proposed rigid-plastic model for material removal mechanism of copper workpiece under particle 
impact in AWJM. Two modes of erosion - material piled-up and chip separation were established through finite 
element analysis. Surface roughness of the cut wall during AWJ cutting of Al 7075-T6 wrought alloy 
(AlZnMgCu1.5) was modeled by regression analysis and artificial neural network (Ḉaydaş and Hasḉalik 2008). Zain 
et al. (2011) also suggested regression model and finally optimized using genetic algorithm and simulated annealing. 
Kolhan and Khajavi (2011) found positive correlation between depth of cut and water pressure, abrasive flow rate. 
Apart from water pressure, abrasive mass flow rate and traverse speed, they considered nozzle diameter as a control 
parameter. Depth of cut increases with increase of nozzle diameter but beyond a certain value it starts decreasing. 
For Ti-6Al-4V alloy, Hascalik et al. (2007) identified three cutting zone – initial damage region, smooth cutting 
region and rough cutting region along the depth on the cut wall. They studied the variation of sizes of these three 
zone with different traverse speed. Smooth cutting zone decreases with higher traverse speed of nozzle. 
Literature survey made so far reveals that different types of crystalline materials are used for the experimental 
study of erosion mechanism under abrasive water jet. However, no such work is found on amorphous material. In 
this present study, therefore, experiments are conducted on amorphous material - borosilicate glass with water 
pressure, abrasive mass flow rate, traverse speed and standoff distance as control parameters. Depth of cut at the jet 
entrance surface is measured for developing predicting model. Significance of the process parameters on depth of cut 
is studied though ANOVA.  Subsequently, particle swarm optimization (PSO) is employed on the estimated model 
in searching of optimal control parameter setting for maximum depth of cut. Furthermore, scanning electron 
microscopic images of cut surface, generated at optimum working condition, reveals to some extent the erosion 
behavior in amorphous material qualitatively. 
2. Experiment 
Non-through cutting of borosilicate glass sample are performed on abrasive water jet machine (Make: 
STREMLINE SL PRO 60, KMT Waterjet systems, Model: NANOJET - 1212). The machine is equipped to operate 
in the range between pressure value of 800 bar and 6200 bar with drive motor power of 45 kW.  
In the present study, water pressure (bar), abrasive flow rate (g/min), traverse speed (mm/min) and standoff 
distance (mm) are considered as control parameters and depth of cut (DOC) is measured on jet entrance face on 
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wokpiece (shown in figure 1) as responses. Based on the availability of the machine setting, levels of the input 
parameters are selected and presented in table 1. 
 
 
                             Table 1 Parameters and their levels 
 Level 1 Level 2 Level 3 
Water pressure (bar) 1000 1250 1500 
Abrasive flow rate (g/min) 18 36 54 
Traverse speed (mm/min) 200 300 400 
Standoff distance (mm) 30 45 60 
 
 
L27 orthogonal array is chosen as the experimental design and corresponding 27 experiments are conducted 
according to the orthogonal array settings. The depth of cut is measured at the jet entrance surface (shown in figure 
1) of the sample by Vernier Caliper with accuracy 0.02 mm. The values of response, thus obtained, are then 
considered for model building and optimization. 
 
 
Fig. 1. Measurement of depth of cut at jet entrance surface. 
3. Analysis and discussion 
Modelling of experimental observations and prediction of response through that model are highly relevant for 
study the influence of parameters on any process. For this purpose, initially statistical model of DOC as a function 
of control parameters are developed from the experimental data. Then this model is considered as the objective 
functions in order to obtain the optimal working conditions in AWJM process. 
3.1. Model development 
Power law function is assumed for model development and can be presented in the form  
DOC = ܽ଴ݓ݌௔భ݂ܽ௔మݐݏ௔యݏ݀௔ర                                                                                                                                    (1) 
Here, wp, am, ts and sd indicate water pressure, abrasive flow rate, traverse speed and standoff distance 
respectively while ai’s are the constant of corresponding power function which is to be estimated. The power law 
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function is then linearized by taking natural logarithm values and the equation becomes 
ln(DOC) = ln(a0) + a1 ln(wp) + a2 ln(af) + a3 ln(ts) + a4 ln(sd)                                                                                 (2) 
Based on the above linear model, simple regression analysis is performed with 27 experimental data in the 
MATLAB environment and unknown coefficients are found out. The expression thus developed is given below 
ln(DOC) = - 3.9417 + 1.1441 ln(wp) + 0.5293 ln(af) - 0.7027 ln(ts) + 0.0542 ln(sd)                                               (3) 
The linear relationships are then returned back to the power law functions i.e. in exponential form.  
DOC = ݁ିଷǤଽସଵ଻ݓ݌ଵǤଵସସଵ݂ܽ଴Ǥହଶଽଷݐݏି଴Ǥ଻଴ଶ଻ݏ݀଴Ǥ଴ହସଶ                                                                                                (4) 
Correlation coefficient is calculated and analysis of variance (ANOVA) is performed. High value of correlation 
coefficient (r2 = 0.9192) of the fitted model indicates its adequacy.  
Analysis of variance (ANOVA) is done based on the predicted values obtained through estimated model 
(equation (4)) (Table 2). The ANOVA depicts the contributive effect of the factors and their interactions on depth of 
cut (shown in figure 2). Three of the control parameters - water pressure, abrasive flow rate and traverse speed have 
significant contribution on depth of cut. 
    Table 2 ANOVA for DOC 
Control factors 
Degrees of 
freedom 
Sum of 
squares 
Mean 
square F value P value % contribution 
Water pressure 2 100.027 50.0134 92.18 0.0000 25.979 
Abrasive flow rate 2 151.258 75.6290 139.39 0.0000 39.284 
Traverse speed 2 118.050 59.0249 108.79 0.0000 30.660 
Standoff distance 2 0.502 0.2510 0.46 0.6503 0.130 
wp * af 4 5.117 1.2792 2.36 0.1666 1.329 
wp * ts 4 3.851 0.9627 1.77 0.2524 1.000 
wp * sd 4 2.973 0.7433 1.37 0.3472 0.772 
Error 6 3.255 0.5426   0.845 
Total 26 385.033     
 
 
Fig. 2. Percentage contribution of different control parameters on depth of cut. 
To depict the different control factor effects on response, the surface plots are also generated. The representative 
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surface plots are shown in figures 3 through 8. 
 
 
    
    Fig. 3. Effect of water pressure and abrasive flow rate on DOC               Fig. 4. Effect of water pressure and traverse speed on DOC at  
               at ts = 300 mm/min & sd = 45 mm.                                                            af = 36 g/min & sd = 45 mm. 
 
 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
      Fig. 5. Effect of water pressure and standoff distance on DOC           Fig. 6. Effect of abrasive flow rate and traverse speed on DOC 
                at af = 36 g/min & ts = 300 mm/min.                                                    at wp = 1250 bar & sd = 45 mm. 
 
            
Fig. 7. Effect of abrasive flow rate and standoff distance on DOC                Fig. 8. Effect of traverse speed and standoff distance on DOC  
          at wp = 1250 bar & ts = 300 mm/min.                                                             at wp = 1250 bar & af = 36 g/min. 
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3.2. Testing of model 
Testing of the fitted model (equation 4) is performed with 6 disjoint data sets obtained from six separate follow 
up experimental runs. The results of testing are shown in table 3. The value of mean absolute percentage error (3.64 
%) suggests the adequacy of the model for application in practical field of work within the chosen range of 
parameters.  
            Table 3 Testing results for DOC model 
Sl. 
No. 
Water 
pressure 
(bar) 
Abrasive flow 
rate (g/min) 
Traverse 
speed 
(mm/min) 
Standoff 
distance 
(mm) 
Depth of cut 
(mm) Absolute % 
error 
Experimental Estimated 
1 1000 36 200 60 10.88 10.5593 2.95 
2 1000 36 300 30 7.90 7.6486 3.18 
3 1000 36 400 45 6.24 6.3875 2.36 
4 1000 54 200 45 12.68 12.8845 1.61 
5 1000 54 300 60 8.94 9.8424 10.09 
6 1000 54 400 30 7.62 7.7444 1.63 
Mean Absolute Percentage Error (MAPE) (Testing) 3.64 
3.3. Optimization by PSO 
During AWJM, depth of cut achieved by the process is the main concern of the engineers. To cut a specific 
thickness of a material, optimum setting of control parameters (water pressure, abrasive flow rate, traverse speed 
and standoff distance) is necessary. In the following optimization process, equation (4) is considered as objective 
function for depth of cut. 
Particle swarm optimization (PSO) technique is one of the most advanced evolutionary computational 
intelligence based optimization methodologies for optimizing real world multimodal problems. PSO mimics natural 
behavior found in flock of birds or school of fish seeking their best food sources (Kennedy and Eberhart 1995). In 
this population based swarm intelligence technique a set of randomly initialized particles (swarm) are always 
updated in position and velocity by gathering information from themselves. Effect of each particle as well as the 
whole swarm’s experience modifies position of the population forwarding to optimum zone. Rate of convergence is 
purposefully controlled by different factors. Position of global optimum is not affected by the choice of these 
factors, but convergence is delayed due to improper choice or may lead to entrapping in local optima. For multi 
variable problem in high dimensional space, time needed for reaching optimum solution by PSO is very important.  
Number of particles (n) in swarm should be within the range (10, 40) (Hu and Eberhart 2002). Lower choice may 
not gather information from whole space but higher value of n will take longer time to converge in optimum zone. 
Inertia factor (ω) controls the effect of previous velocity of individual particle on current velocity. To modify the 
rate of convergence another control on simulation was done by introducing constriction factor (Ψ) (Clerc and 
Kennedy 2002). This term bounds the velocity effect of particle on their position avoiding clamping of particles to 
one end of search space (Tripathi et al. 2007). So, higher values of inertia and constriction factor ensure wide 
searching which is necessary at initial stage but gradual convergence is enhanced at moderately lower value.  
Another two important factors are cognitive acceleration coefficient (c1) and social acceleration coefficient (c2) 
which greatly control the influence of individual’s and whole swarm’s experience respectively on particle’s new 
velocity. Influence of particle’s individual best (pi best) experience favors good exploration in the search space but 
swarm’s best position (g best) always guide to converge near optimum zone. So, choice of these factors becomes 
important for converging to global optimum zone quickly avoiding premature entrapping in local optima.  
Several researchers use different values of these control factors for their different type of problem definitions. 
However, in general for most of the cases nearly a same range is suggested irrespective of the nature of problem 
(Tang et al. 2011). Shi and Eberhart (1998) suggested linearly decreasing inertia factor (ω) from 0.9 to 0.4. 
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Cognitive acceleration coefficient (c1) should vary linearly with iterations from 2.5 to 0.5 while the variation of 
social acceleration coefficient (c2) would occur just in reverse order (Ratnaweera et al. 2004). Since constriction 
factor (Ψ) directly control the optimization time, it may be considered as linearly time varying from 0.9 to 0.4. 
Further, maximum number of iterations (iter max) is to be set properly. A large value is necessary for adequate 
convergence. In other words simulation will be terminated before reaching this limiting value. 
In the present work, different control factors of PSO are set as, n = 20, ω initial = 0.9, ω final = 0.4, c1, initial = 2.5, c1, 
final = 0.5, c2, initial = 0.5, c2, final = 2.5, Ψ initial = 0.9, Ψ final = 0.4, iter max = 250, accuracy level (acc) = 0.01 (i.e. 
simulation will stop when each component of coefficient of variance (CV) of particles’ position goes down below 
0.01%).  
As PSO is a population based searching technique, initial position vectors of the particles within specified search 
space and their corresponding velocities are to be set randomly. The wide spreading of initial position vectors must 
be assured by the operator for better searching. Here, for exact repetitiveness of the simulation process initial 
position and velocity vectors of the particles used in this study for optimization of DOC are listed in table 4.  
     Table 4 Initial position and velocity vectors for maximization of DOC 
Particle 
No. 
Initial position vector 
(wp, af, ts, sd) 
Initial velocity vector 
(wp, af, ts, sd) 
1 (1082.6944, 32.3206, 356.8072, 37.0891) (450.2506, 10.6094, 195.7888, 7.6085) 
2 (1249.3990, 24.5929, 271.4366, 40.1501) (281.5064, 21.4599, 111.6888, 14.2649) 
3 (1356.8252, 26.3024, 251.5190, 40.4754) (97.7930, 22.2872, 182.6158, 0.2563) 
4 (1420.6134, 19.4216, 297.2291, 38.9215) (173.4059, 26.6094, 172.3955, 26.0988) 
5 (1108.6065, 50.8318, 313.3562, 45.8095) (495.4287, 35.0326, 10.3170, 24.3033) 
6 (1139.4708, 26.5437, 286.7844, 49.6445) (328.0314, 23.3620, 195.0626, 28.3498) 
7 (1385.5685, 39.7726, 223.0641, 32.9032) (235.7585, 14.2658, 170.1134, 2.5465) 
8 (1129.9465, 34.6666, 230.7662, 51.0081) (192.8923, 4.2811, 78.1995, 25.5250) 
9 (1153.0487, 25.2435, 269.0481, 31.4229) (347.3880, 18.9447, 15.2429, 6.7192) 
10 (1338.8580, 22.8825, 359.5070, 40.0657) (285.1521, 15.8743, 171.2869, 28.6654) 
11 (1366.7955, 52.8712, 223.9789, 33.6525) (109.2128, 7.2029, 149.2674, 25.2165) 
12 (1118.1425, 49.2983, 211.4550, 46.7212) (111.7242, 2.8485, 167.0794, 5.4532) 
13 (1110.8033, 37.9373, 399.8718, 46.9089) (78.4311, 19.9849, 18.1303, 22.1331) 
14 (1222.3068, 42.7284, 202.4002, 59.8168) (111.1824, 0.0988, 11.3495, 25.6227) 
15 (1221.7062, 48.3982, 221.0460, 54.2919) (162.9054, 35.4120, 193.1135, 25.3942) 
16 (1205.1221, 33.5927, 389.9454, 55.1294) (310.8335, 1.8672, 115.6097, 1.6519) 
17 (1265.6596, 35.0302, 255.6714, 30.7390) (417.3083, 32.0237, 150.4148, 19.6866) 
18 (1451.6205, 32.9239, 233.7010, 54.3843) (59.1649, 26.9934, 15.2428, 18.9362) 
19 (1260.0720, 37.6689, 277.4722, 39.7655) (229.3307, 0.3823, 100.6554, 10.7274) 
20 (1270.9989, 21.9187, 333.3743, 53.7592) (127.2383, 7.7715, 96.3482, 23.6154) 
Optimum results are listed in table 5 and the result is further validated through follow up experiment. Percentage 
deviation of the simulated result from experimental reading indicates the real world applicability of the results with 
this specific search space. 
                    Table 5 Optimum result obtained by PSO 
 Water pressure (bar) 
Abrasive flow 
rate (g/min) 
Traverse speed 
(mm/min) 
Standoff 
distance (mm) 
Depth of cut 
(mm) 
Optimum 1499.9985 54.0000 200.0011 59.9967 20.8114 
Experimental 1500.0000 54.0000 200.0000 60.0000 18.32 
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% deviation - - - - 13.60 
Marching steps of the simulation process for maximizing DOC are shown in figure 9. Though values of DOC 
remain unchanged after some iteration, yet the simulation is continued further. In this work, termination criterion is 
set by CV of position vectors’ components along each input variables’ dimension, as this will ensure proper 
convergence of the searching operation to optimum zone. So, iteration process is continued until coefficient of 
variation of position vector components in each input variables’ dimension go down below 0.01% (refer figure 10) 
in spite of objective function values remain unchanged. Coefficient of variation (expressed in %) of position vectors 
in different dimensions are calculated by taking the ratio of standard deviation to mean of position vector component 
along respective dimensions.  
 
Fig. 9. Marching steps for maximization of depth of cut. 
 
      Fig. 10. Change of CV along different dimensions with iteration for maximization of depth of cut. 
4. Scanning electron micrograph study 
Material removal mechanisms in abrasive water jet cutting on ductile and brittle material are established by now. 
However, till now no such work is found regarding the erosion behavior of jet on amorphous material. In this study, 
one of the purposes of choosing borosilicate glass as workpiece material is to understand the erosion behavior of 
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abrasive water jet inside amorphous material. Here, the sample cut with optimum control parameter setting (water 
pressure = 1500 bar, abrasive flow rate = 54 g/min, traverse speed = 200 mm/min standoff distance = 60 mm) 
obtained in the process of maximizing depth of cut, is considered for scanning electron microscopic (SEM) study of 
cut surface (shown in figure 11). 
It is revealed from the scanning electron micrographs that as the high velocity abrasives impinge on the 
workpiece, brittle fracture takes place on top surface. Tiny fractured particles are carried by water and in some cases 
trapped by the cut wall itself (figure 11(a)). At the lower region of cutting, axial velocity of jet is damped, radial 
energy distribution changes and considerable turbulence is generated. As a result, plastic deformation plays a 
dominant role in material removal process. At this lower region, velocities of abrasives are randomly changed both 
in magnitude and direction due to high turbulence created within the jet and as it appears, it causes gradual step 
formation (figure 11(b)).  
                                      (a)                                                                                     (b) 
Fig. 11. SEM photographs (a) fragmentation of surface; (b) gradual step formation. 
5. Conclusion 
Borosilicate glass is widely used in engineering applications. Understanding of cutting characteristics and erosion 
behavior of this material under abrasive water jet machining process would help process engineers to work 
satisfactorily with amorphous materials. Significant contributive effects of the control parameters are studied. 
Optimized setting of the parameters through particle swarm optimization is also suggested. Testing of the estimated 
depth of cut model and validation of the optimum result indicate their practical adequacy. Finally, SEM study of the 
cut wall gives a possible material erosion mechanism of amorphous material. 
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